Abstract GDP-mannose-3′,5′-epimerase (GME) is an enzyme involved in the biosynthesis of GDP-L-galactose which is a building unit of agar and cell wall polysaccharides. GME catalyzes the formation of GDP-β-L-galactose and GDP-Lgulose from GDP-mannose. In this study, the gene and transcript encoding GME from the red alga Gracilaria changii (GcGME) were cloned. The structural gene sequence of GcGME is devoid of an intron. The cis-acting regulatory element involved in light response is the most abundant element at the 5′-flanking region of GcGME. The open reading frame of GcGME consists of 1,053 nucleotides with 351 amino acids. This cDNA was cloned into pET32a expression vector for recombinant protein production in Escherichia coli. High yield of soluble recombinant GcGME (55 kDa) was expressed upon isopropyl β-D-1-thiogalactopyranoside induction. The enzyme activity of recombinant GcGME was detected using thin layer chromatography and high-performance liquid chromatography. The transcript abundance of GcGME was the highest in G. changii and the lowest in Gracilaria salicornia corresponding to their agar contents. The characterization of GcGME from G. changii is important to facilitate the understanding of its role in agar production of this seaweed.
Introduction
Agar is a commercial algal galactan produced by marine algae. Its backbone consists of a linear chain of galactose β-D-galactopyranose residues and α-L-galactopyranose residues that are arranged in an alternating order (Anderson et al. 1965; Usov 1992) . The galactose residues in agar are modified by sulfate (Araki and Hirase 1960; Izumi 1973; Craigie 1990 ). Meanwhile, agar also has been reported to be pyruvated and methylated in varying degrees (Hirase 1957; Craigie 1990 ). Agar is found as cell wall polysaccharide in rhodophytes. Gracilaria species are one of the major sources of agar. Seaweeds belonging to this species contribute approximately 65 % of the raw materials used for agar production in the world (McHugh 2003) .
The D-galactose component of agar is synthesized via glucose-1-phosphate, UDP-D-glucose, and UDP-Dgalactose (Manley and Burns 1991) (Fig. 1) . Galactose-1-phosphate uridylyltransferase (GALT, E.C. 2.7.7.12) catalyzes the formation of glucose-1-phosphate and UDPgalactose from galactose-1-phosphate and UDP-glucose (Mayes 1976) . The molecular cloning of GALT gene has been reported in two rhodophytes, Gracilaria gracilis (Lluisma and Ragan 1998) and Gracilariopsis lemaneiformis (Li et al. 2010) , while the transcript encoding GcGALT has been cloned and characterized in Gracilaria changii (Siow et al. 2012) .
The L-galactose component of agar is produced from GDP-L-galactose (Manley and Burns 1991) (Fig. 1) . In this pathway, GDP-mannose pyrophosphorylase (E.C. 2.7.7.22) catalyzes a reversible reaction that converts mannose-1-phosphate and GTP to GDP-mannose and pyrophosphate (Szumilo et al. 1993 ). Subsequently, GDP-mannose-3′,5′-epimerase (GME, E.C. 5.1.3.18) catalyzes a reversible reaction which converts GDP-mannose to yield GDP-L-galactose and GDP-L-gulose. The enzymatic reaction of GME involves oxidation, epimerization, and reduction in a single active site (Major et al. 2005) . GME is involved in the Smirnoff-Wheeler pathway for ascorbic acid biosynthesis (Smirnoff and Wheeler 2000) .
L-sugars including L-galactose are rare sugars in nature compared to D-sugars (Collins and Ferrier 1995) . Although L-galactose is one of the components in the cell walls of higher plants (Seifert 2004) , an investigation of galactose in the primary cell wall of spinach showed that the D-galactose/L-galactose ratio was approximately 70:1 (Baydoun and Fry 1988) , showing that the occurrence of L-galactose in plant cell wall is rare. The presence of L-galactose in red seaweeds (Painter 1983; Pervical and McDowell 1967) , marine invertebrate ascidians (Mourão and Perlin 1987; Pavão et al. 1989; Santos et al. 1992) , and soft corals (Molchanova et al. 1985) has been reported. However, studies on genes, transcripts, or enzymes that are involved in the biosynthesis of L-galactose have not been reported in seaweeds or other L-galactose-producing marine organisms such as invertebrate ascidians and soft corals, and it is unknown whether the biosynthesis of Lgalactose in these organisms is more active than in other organisms.
In this study, we report the molecular cloning of gene and transcript, gene expression, and production of recombinant protein of GDP-mannose-3′,5′-epimerase (GcGME) which is involved in the biosynthesis of GDP-L-galactose from an agar-producing seaweed, G. changii. This is the first report on the molecular biology of this enzyme from algae, and we hope to shed light on the transcription regulation of GcGME in GDP-L-galactose biosynthesis.
Materials and methods

Sequence analysis and homology modeling
The partial cDNA sequences of GcGME (GenBank accession number DV 963260) were identified among the expressed sequence tags (Teo et al. 2007 ) using BLAST program (Alstchul et al. 1997) . Sequencing of the cDNA clone encoding GcGME revealed a complete open reading frame (ORF) for GcGME. The subcellular localization of GcGME was predicted using PSORT (http://psort.nibb.ac.jp). Multiple-sequence alignment of GcGME and related protein sequences was performed using ClustalW (Thompson et al. 1994) . The three-dimensional protein model of GcGME was predicted using SWISS-MODEL Workspace (Schwede et al. 2003; Arnold et al. 2006 ). The quality of the model was checked using PROCHECK (Laskowski et al. 1993 ).
Cloning of GcGME for recombinant protein expression
The primers for cloning were designed using Primer3 (http:// frodo.wi.mit.edu/cgi) to facilitate directional cloning of GcGME into a bacterial expression vector pET32a (Novagen, USA). Primers GME-F (5′-ACTGCCATG GAAATGACTGATAC-3′) and GME-R (5′-GCGGATCCTTACTTACGCTTAGA-3′) were used to amplify the ORF of GcGME from a cDNA clone obtained from a cDNA library (Teo et al. 2007 ). The Fig. 1 Biosynthetic pathway of UDP-D-galactose and GDP-L-galactose. The enzymes that are involved are indicated by numbers: 1, glucose phosphate isomerase; 2, mannose-1-phosphate isomerase; 3, phosphomannose mutase; 4, GDP-mannose pyrophosphorylase; 5, GDP mannose-3′,5′-epimerase; 6, phosphoglucomutase; 7, UTP-glucose-1-phosphate uridyltransferase; 8, galactose-1-phosphate uridyltransferase nucleotides underlined in the primer sequences show the recognition sites of restriction enzymes. The PCR product of GcGME was cloned into respective restriction enzyme sites in pET32a expression vector and confirmed by sequencing using primer A (5′-TCCTTTCGGGCTTTGTTAG-3′) and primer B (5′-CATCATTCTTCTGGTCTGGTG-3′) that annealed to the flanking regions of the multiple cloning sites in pET32a.
Production of recombinant protein
The expression vectors with the cDNA encoding GcGME was transformed into Escherichia coli BL21 (DE3) pLysS. The cell culture was grown at 37°C until the optical density (OD) at 600 nm was between 0.5 and 0.8 before the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) for recombinant protein production. The E. coli strain BL21 (DE3) pLysS/pET32a/GcGME was induced using 0.4 mM IPTG at 25°C for approximately 5 h (until OD was more than 1.0) for overnight. The cell pellet was collected by centrifugation at 4,600×g at 4°C for 10 min and washed with 1× phosphate-buffered saline (137 mM NaCl, 10 mM phosphate, 2.7 mM KCl, pH of 7.4). The cell culture was lysed using BugBuster Protein Extraction reagent (Novagen, USA). The soluble recombinant GcGME was purified using His SpinTrap Column (GE Healthcare, UK) according to the manufacturer's instruction.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analyses
The recombinant protein of GcGME was resolved using 12 % (v/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane (Millipore, USA). The transfer buffer consisted of 39 mM glycine, 48 mM Tris base, 0.037 % SDS, and 20 % methanol. The blotting was performed at 100 V for 35 min using an electroblotter (Hoefer TM TE 22 tank transfer unit; Amersham Bioscience, USA). Western blot was performed using Western Max TM horseradish peroxidase chromogenic detection kit (AMRESCO, USA) according to the manufacturer's instructions. The primary antibody used was His·Tag monoclonal antibody (Novagen, Germany) while conjugated anti-mouse antibody (AMRESCO, USA) was used as a secondary antibody. Detection was performed using diaminobenzidine and hydrogen peroxide according to the manufacturer's instructions.
Enzyme assay of recombinant GcGME by thin layer chromatography
The enzyme activity of purified recombinant GcGME was determined by detecting the reduction of GDP-mannose using thin layer chromatography (TLC). The reaction mixture and solvent system were prepared as mentioned in Watanabe et al. (2006) and Sacchetti et al. (2004) , respectively. The reaction mixture (50 μL), consisting of 40 mM Tris-Cl, pH8, 1 mM GDP-mannose (Calbiochem, Japan), 1 mM NAD (Merck, Germany), and 150 μg purified recombinant GcGME, was incubated at 28°C for 5 min. The reaction was analyzed on a silica plate (Merck, Germany) with a solvent system consisting of n-propanol and 25 % (v/v) ammonia in a 1:1 ratio. The signals were detected using UV light (254 nm) and α-naphthol-sulfuric acid followed by charring at 120°C. The reactions were performed in triplicates. The chemicals used in the solvent system and detection of signals were purchased from Merck (Germany).
Enzyme assay of recombinant GcGME by high-performance liquid chromatography High-performance liquid chromatography (HPLC) analysis was according to Watanabe et al. (2006) with slight modifications. The reaction mixture (50 μL), consisting of 40 mM Tris-Cl, pH8, 1 mM GDP-mannose, and 100 μg purified recombinant GcGME, was incubated at 37°C for 10 min before being subjected to reverse-phase HPLC on an ODS column (4.6 mm×250 mm; Thermo Scientific, UK). Boiled purified recombinant GcGME was used as a negative control. The mobile phase used was a mixture of water, Et 3 N (Fisher Scientific, UK), and AcOH (Merck, Germany) in a ratio of 100:0.2:0.1 (v/v/v) with a flow rate of 0.8 mL min −1 at 37°C. Signals were detected at 254 nm. The enzyme activity for recombinant protein of GcGME was also examined in the presence of 1 mM NAD and 1 mM NADH. All reactions were performed in triplicates.
Cloning of the genomic sequences of GcGME Total DNA was isolated using the method described by Zhou and Ragan (1993) . PCR primers were designed according to the 5′-and 3′-untranslated regions (UTRs) of cDNA sequences of GcGME to amplify the structural gene sequence of GcGME: GME 5′-UTR (5′-TCATCGCAAGTTTGATCATCTC-3′) and GME 3′-UTR (5′-ACATTCGCCGACATAAGCTC-3′). The PCR mixture (25 μL) consisted of 1× PCR buffer (120 mM Tris-HCl, 1.5 mM MgSO 4 , 10 mM KCl, 6 mM (NH 4 ) 2 SO 4 , 0.1 % Triton-100, 0.1 mL −1 BSA), 0.04 mM of each dNTP, 0.2 μM of each forward and reverse primers, 0.25 U KOD polymerase (Novagen, Japan), and 10 ng of genomic DNA from G. changii. The structural gene sequence of GcGME was amplified at 95°C for 2 min, 30 cycles at 95°C for 20 s, 54°C for 10 s, and 70°C for 20 s. The 5′-flanking region of GcGME was identified from the results of an ongoing sequencing project of G. changii using Solexa/Illumina technology (Illumina, USA) (unpublished data). The sequence of the
GAG GCG GCG AGA ACC TCC GGT TGC AAG AGG TTC TAC TAC GCT TCC 360
TCT GCC TGT ATT TAT CCG GAG GGT GCG CAA CTC GAT CCG AAC AAC 405
GCT CCG GCC GCC TTC TGC CGA AAG TCT ATC ACG TCC ACG ACT GAG 630
TTT GAG ATG TGG GGT GAT GGA AAC CAG ACC CGC TCT TTC TGC TAT 675 211
CCG ATC AAG CAC ATT CCT GGT CCA GGG GGT GTG CGT GGT CGC AAC 855
ATT AAG CTT GAG GAT GGT CTG AGG AGG ACT TTC GAC TGG ATC AAG 945 301
TCA CAG ATC GAG GAA GAG AAA GCG AAG GGC ATC GAT AAT GAC TAC 990 316
TCT ACC TCC ACT GTG GTT GGC ACT CAT GCC CCA ACT GAC TCC AAG 1035 331 Fig. 2 Nucleotide sequence of GcGME and multiple-sequence alignment of GMEs. a The nucleotide sequence and translated amino acid sequence of GcGME. The asterisk indicates the stop codon. b The amino acid sequence of GcGME was aligned with the GMEs from Zea mays (ACG32271.1), Oryza sativa (BAE45242.1), Vitis vinifera (ABQ41112.1), and Malpighia glabra (ABB 53472.1). The highly conserved residues and similar residues are highlighted in black and gray, respectively. The NAD-binding domain (GxxGxxG/A) is indicated by a dash line while the catalytic domain (YxxxK) is underlined.
The triangle indicates the conserved serine residue in GMEs 5′-flanking regions of GcGME was analyzed using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/; Lescot et al. 2002) .
Real-time PCR analysis of GcGME Fresh G. changii, Gracilaria salicornia, and Gracilaria edulis were collected from Morib (02°45.808′ N, 101°2 6.143′ E), Selangor, Malaysia. The thalli were frozen in liquid nitrogen and stored at 80°C for the extraction of nucleic acids. The agar content and gel strength were measured as described in Siow et al. (2012) . The total RNA from G. changii was extracted according to the protocol described by Chan et al. (2004) . Approximately 5 μg RNA was treated with RNase-free DNase (Invitrogen, USA) and converted to cDNA using StrataScript TM QPCR cDNA Synthesis Kit (Stratagene, USA). The primers for GcGME (5′-CCATTCACTATGGCAAGGAC-3′ and 5′-GTTCATGAGGCGGATAACAC-3′) and endogenous control (DV962295) (5′-ATTCGTGATGCCGTGACATA-3′ and 5′-TGCCAAACAAGTCCTTCACA-3′) were designed using Primer3 (http://frodo.wi.mit.edu). The endogenous control encodes an unknown protein which has been identified from our previous cDNA microarray data (Teo et al. 2009 ). It was chosen because it has highly similar gene expression levels in different Gracilaria samples tested. The real-time PCR was performed using Brilliant® II SYBR Green® QPCR Master Mix (Stratagene, USA) in Mx3005P real-time PCR machine (Stratagene) using the following steps: 95°C for 10 min, 40 cycles at 95°C for 30 s, 58°C for 60 s, and 72°C for 60 s. Both PCR products were approximately 0.2 kb in size. The PCR efficiencies were above 99 % and only single PCR products were obtained. The reactions were repeated in triplicates. The average threshold cycle numbers were used to calculate the fold change in expression. The relative expression fold change of a target gene was calculated using the formula established by Pfaffl (2001) . The relative abundance of transcripts encoding GcGME was calculated by normalizing the abundance of respective transcripts in each sample against those of endogenous control.
Results and discussion
Despite the importance of agar and agarose in various applications, limited information is available regarding the biosynthesis of agar and agarose and its regulation. The regulating steps of agar biosynthesis are generally believed to be in the Dand L-galactose biosynthesis (Manley and Burns 1991) . This study represents the first report on the molecular cloning, gene expression, and production of recombinant GME from an agar-producing red seaweed.
Sequence analysis of GcGME
The ORF of GcGME (GenBank accession number JX416698) consists of 1,053 nucleotides which can be translated into 351 amino acids with a predicted molecular weight of 38 kDa (Fig. 2a) . The deduced amino acid sequence of GcGME has more than 60 % identities with the GME from other organisms. The putative NAD-binding site (GxxGxxG motif) and the putative short-chain dehydrogenase catalytic domains (serine and YxxxK motif) are well conserved in GcGME as in other short chain dehydrogenases belonging to the intermediate family (Kallberg et al. 2002) (Fig. 2b) . Similar to the NAD-binding site of dicot
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Tyr152 Lys156 8 Fig. 3 Predicted protein models of GcGME. The protein model of GcGME was predicted using the GME from A. thaliana ( SDS-PAGE and Western blot of recombinant GcGME. a SDS-PAGE of recombinant GcGME. b Western blot of recombinant GcGME. Lane M, protein marker (Crystalgen Inc., USA); lane 1, purified recombinant protein of GcGME plants, GcGME has a slightly different NAD-binding site (GxxGxxA) from monocots (Watanabe et al. 2006) , which was proposed to be stimulated and inhibited by NAD + , NADP + , NADH, and NADPH in a different manner (Wolucka and Montagu 2003) . The activity of GME from rice (a monocot) was stimulated by exogenously added NAD + (Watanabe et al. 2006) , while the activity of GME from Arabidopsis thaliana (a dicot) was decreased by the addition of NADH (Wolucka and Montagu 2003) . Similar to the GMEs from tomato and rice (Zhang et al. 2011; Watanabe et al. 2006) , GcGME was predicted to have no organelle-targeting sequence and was predicted to localize in the cytoplasm. Unlike the GMEs from tomato which contain five introns (Zhang et al. 2011) , the structural gene of GcGME (GenBank accession number JX416698) is devoid of an intron.
The protein model of GcGME (Fig. 3) was predicted using the GME from A. thaliana (chain 2c59B) as a template (67.6 % identities). The Ramachandran plot of GcGME showed that 88.4 % amino acid residues were predicted in the most favored regions, 11.2 % amino acid residues in the additional allowed regions, 0.4 % amino acid residues in the generously allowed regions, and no amino acid residues were in the disallowed regions, suggesting that the predicted model structure of GcGME was reliable and comparable with the crystal structure of GME from A. thaliana. The Gly 12 and Gly 18 in the NAD-binding domain were found at the α-helix and β-sheet that are next to each other (Fig. 3) . Fig. 5 HPLC analyses of products formed by recombinant GcGME. HPLC profiles of products formed by purified recombinant protein of GcGME (a), boiled recombinant GcGME (b, negative control), purified recombinant protein of GcGME in the presence of NAD + (c), boiled recombinant GcGME in the presence of NAD + (d, negative control), purified recombinant protein of GcGME in the presence of NADH (e), and boiled recombinant GcGME in the presence of NADH (f, negative control)
Recombinant protein production and enzyme assays of recombinant GcGME
The cDNA encoding GcGME was cloned into a pET32a expression vector. The recombinant GcGME was successfully expressed as a soluble protein in E. coli BL21 (DE3) pLysS (Fig. 4) . Western blot analysis further confirmed the expression of recombinant GcGME with an expected size of 55 kDa (data not shown).
To our knowledge, only a limited number of GMEs (from Chlorella pyrenoidosa, A. thaliana, and rice) had been characterized. The unavailability of standards (GDP-L-galactose and GDP-L-gulose) and the lack of a suitable enzyme assay methods were the major obstacles in studying GME. The utilization of substrate (GDP-mannose) by purified recombinant GcGME was detected using TLC, whereby a reduction in intensity or concentration of GDP-mannose upon the addition and incubation with the purified recombinant GcGME was observed (data not shown). Since the TLC assay was not highly sensitive, HPLC was performed to further confirm the enzyme activity of recombinant GcGME. The HPLC chromatogram demonstrated that the peak for GDP-mannose reduced upon the incubation with the purified recombinant GcGME (Fig. 5a ) compared to that of the negative control (Fig. 5b) . Besides, two additional products (most probably GDP-L-galactose and GDP-Lgulose) were detected in the reaction mixture containing the purified recombinant GcGME (Fig. 5a) . The retention time of GDP-mannose was~16 min, and the two products were eluted immediately after the substrate. The identities of the products could not be confirmed due to the Fig. 6 Predicted cis-acting regulatory elements (CREs) at the 5′-flanking region of GcGME. The start codon (ATG) of the GcGME is in bold. + and−indicate the positive and negative strands, respectively. The positions of predicted CREs are marked above the sense strand and below the antisense strand, with the name of the CREs indicated. The CAAT box is shaded in gray color. ACE, G box, GAG motif, GATA motif, GT1 motif, I box, Sp1, and rbcSCMA7a are light-responsive elements, while CAT box is related to meristem expression and O2-site is involved in zein metabolism regulation. The hormone-responsive CREs include CGTCA/TGACG (jasmonic acid responsive) and GARE (gibberellins responsive). LTR is the CRE involved in lowtemperature response, whereas the MBS is the MYB-binding site involved in drought induction. GC motif is enhancerlike elements involved in the anoxic-specific induction G. salicornia G. changii G. edulis Fig. 7 Gene expression of GcGME. The relative abundance of GcGME in Gracilaria species is expressed as relative fold change to those in G. changii after normalization to the endogenous control, respectively. The standard deviations were calculated from the results of three replicates unavailability of standards for HPLC. The amounts of GDP-mannose, GDP-L-galactose, and GDP-L-gulose were reported to be in a ratio of 0.8:0.15:0.05 (Major et al. 2005) . Based on this ratio, the peak that appeared after the GDP-mannose in Fig. 5a could be due to GDP-Lgalactose, followed by the peak for GDP-L-gulose. The negative control with boiled recombinant GcGME did not produce any products. Our results demonstrated that the recombinant GcGME was active. Although the activity of GME from rice was stimulated by exogenously added NAD + (Watanabe et al. 2006 ) and the activity of GME from A. thaliana was decreased by the addition of NADH (Wolucka and Montagu 2003) , the enzyme activity of recombinant GcGME was not affected by the addition of NAD or NADH (Fig. 5c-f) . NAD + was reported to be tightly bound by GME as found in all the crystal structures even without the addition of exogenous NAD + (Major et al. 2005) ; thus, the addition of NAD may not have any effect on its activity.
Analyses of the 5′-flanking genomic sequences of GcGME
The cis-acting regulatory elements (CREs) at the 5′-flanking regions of GcGME include CREs related to light, methyl jasmonic acid (JA), meristem, and zein metabolism. The most frequent CREs predicted at the 5′-flanking region of GcGME (Fig. 6 ) were related to light response, indicating that the expression of this gene could be dependent on light. It is not surprising as light affects carbon fixation that leads to the biosynthesis of agar precursors (UDP-D-galactose and GDP-L-galactose) and also the biosynthesis of ascorbate. The ascorbate pool size in A. thaliana was found to be increased during its acclimation to high light (Gatzek et al. 2002) .
Some of the predicted CREs related to methyl JA response are overlapping with the G box motifs involved in the light response. Plants produce methyl JA and JA in response to stresses such as pathogen attack and physical damage (Penninckx et al. 1996; Creelman et al. 1992) . Methyl JA was also reported to be able to trigger defense reactions in Laminaria digitata (Küpper et al. 2009 ). Since GDP-L-galactose is one of the components required for cell wall polysaccharide biosynthesis, the production of methyl JA in response to wounding or physical damage may induce the expression of GcGME for the biosynthesis or repair of cell wall in G. changii.
The predicted CREs related to meristem-specific activation and meristem expression at the 5′-flanking regions of GcGME were GC rich in general and could be related to growth. In fact, the growth of tomato has been reported to be affected by the expression of GME (Gilbert et al. 2009 ). The CREs related to anoxia, gibberellins, and low temperature were also predicted at the 5′-flanking sequence of GcGME (Fig. 6 ).
Transcript abundance of GcGME in Gracilaria samples The transcript abundance of GcGME was measured in G. changii, G. edulis, and G. salicornia that have different gel strength and agar yield (Fig. 7) . The agar content and gel strength of these samples have been reported by Siow et al. (2012) . Similar to the expression profile of GcGALT (the enzyme involves in the UDP-D-galactose biosynthesis) from G. changii (Siow et al. 2012) , the transcript abundance of GcGME was the highest in G. changii which was shown to have the highest agar content (29.3±1.3 % of dry weight), while G. salicornia which showed the lowest agar content (9.9±1.6 % of dry weight) exhibited the lowest transcript abundance of GcGME among the three species examined. The biosynthesis of L-galactose may increase in G. changii to support a higher agar yield. The expression level of GcGME could be an indicator for agar content in seaweed since it is involved in the biosynthesis of GDP-L-galactose that formed agar. However, we could not relate the expression of GcGME with the gel strength of agar which is dependent on the amount of 3,6-anhydro-α-L-galactose (Yaphe 1984) .
In conclusion, we have successfully cloned and analyze the gene and transcript encoding GcGME from G. changii which is likely to be part of the components that determine the agar yield of G. changii. Their expression could be influenced by environmental cues that affect cell wall biosynthesis and repair.
